Background: Rhythm outcomes after the pulmonary vein isolation (PVI) using the
| INTRODUCTION
Late gadolinium enhancement (LGE) magnetic resonance imaging (MRI) is reported to detect fibrosis of the myocardium. The absence of a LGE in the left ventricle could predict a low potential risk of sudden cardiac death and life-threatening ventricular events. 1 Recently, the distribution of the fibrosis in the left atrium could be associated with a recurrence after atrial fibrillation (AF) ablation. [2] [3] [4] Furthermore, the lesions after AF ablation using conventional ablation catheters with radiofrequency (RF) energy could be visualized by LGE-MRI, and the lesion gaps could be associated with electrical reconduction sites in the 2nd procedure. 5, 6 Although the lesions after AF ablation using cryoballoon (CB) catheters are likely wide and homogeneous, the lesions have not been well characterized. 7 It is still in debate whether the lesion formation could differ between the different energy sources. 8, 9 Therefore, we sought to visualize and characterize the lesions created by CB ablation and conventional AF ablation with RF energy using LGE-MRI. Furthermore, we measured and compared the creatinine kinase (CK) as a biomarker of myocardial injury with the different ablation procedures.
2 | ME TH ODS
| Patients
A total of 51 consecutive patients who underwent pulmonary vein isolation (PVI) were enrolled in this study. Of them, 34 (67%) of 51 patients underwent cryoballoon (CB) ablation (CB group) and the remaining 17 underwent radiofrequency (RF) ablation (RF group). Five patients in the CB group and 4 in the RF group were excluded from this study because of a suboptimal imaging quality. The remaining 29 patients in the CB group and 13 in the RF group were enrolled in this study. The protocol for this research project has been approved by a suitably constituted Ethics Committee of the institution, and it conforms to the provisions of the Declaration of Helsinki. Committee of 2017.3.9., Approval No. 160014. All informed consent was obtained from the subject(s) and/or guardian(s)
| Mapping and ablation procedure
Prior to the procedure, transesophageal echocardiography was performed to exclude any thrombus formation. The patients were studied under deep propofol sedation while breathing spontaneously.
Standard electrode catheters were placed in the right ventricular apex and coronary sinus after which a single transseptal puncture was performed. Unfractionated heparin was administered in a bolus form before the transseptal puncture to maintain an activated clotting time of >300 s. If AF occurred, internal electrical cardioversion was performed to restore sinus rhythm.
Mapping and ablation were performed using the CARTO3 system No adenosine infusion was performed to assess the dormant conduction in both RF and CB groups. LGE-MRI was segmented semi-manually by contouring the endocardial and epicardial borders of the atrium, including the PVs, while referring the CE-MRA. Second, the mean value and SD of the voxel intensity was measured on the "healthy" LA wall where no hyperenhanced areas in LGE-MRA were involved. Third, a voxel intensity histogram analysis of the LA wall identified the LGEs as intensities >2 SD on the "healthy" LA wall. Furthermore, the degree of intensity was categorized by color-coded scaling (green: >2SD: yellow: 3-4SD; red:
>4SD). Finally, a 3D reconstruction, the color-coded LGE, and volumerendered LA and PV image generated from CE-MRA were fused semiautomatically. According to the previous study, an ablation lesion was defined as an artificial LGE site with a signal intensity of >2SD around the PV.
11,12
| Measurement of the ablation lesion
The region around the PV was divided into the following eight segments: roof, anterior-superior, anterior-carina, anterior-inferior, bottom, posterior-inferior, posterior-carina, and posterior-superior segments ( Figure 1 ). The maximum width of the lesion and number and percentage of lesion gaps in each segment were calculated. Animal study reported that the maximum gap length with conduction block was 4 mm. 15 According to their result, the lesion gaps were defined as no-enhancement sites of >4 mm.
| Measurement of creatine kinase
To assess the degree of the myocardial injury between the two different ablation procedures, the creatine kinase (CK) was measured one day before and after the AF ablation in all patients. If the baseline CK lever was high or a CK elevation due to procedurerelated complications or ischemic heart disease was present, the patients were excluded from this study.
| Statistical analysis
The data were tested with the Kolmogorov-Smirnov test. Continuous data were presented as the mean AE SD for normally distributed variables. Medians and quartiles were given for nonnormally distributed variables. If these data followed a normal distribution, they were tested with an unpaired t test or Welch test.
When these data did not follow a normal distribution, they were tested with a Mann-Whitney test. In the comparison of the CK level before and after the AF ablation, they were tested with a paired t test. Categorical variables were analyzed with the chisquare test. A value of P < .05 was considered statistically significant. All statistical analyses were performed using SPSS, Release 24 software (SPSS, Chicago, IL, USA).
3 | RESULTS
| Patient characteristics
Nine patients (18%) were excluded from this study due to the poor MRI quality by consensus of 3 observers who were unaware of the ablation results. The possible reason of poor MRI quality was as follows: 1) unstable respiration, n = 5; 2) frequent ventricular premature beats, n = 2; and 3) inadequate MRI acquisition time from gadolinium injection, n = 2. The remaining 29 patients in the CB group and 13 in the RF group were enrolled in this study.
The patient characteristics are displayed in Table 1 . In the CB group, the patients with paroxysmal AF were more dominant and had a significantly lower CHADS 2 score, higher left atrial appen- 7.0 AE 3.1 mm in the CB group vs 7.4 AE 3.9 mm in the RF group, P value = .753). Of note, the lesion width at LAS, LAI, LPS, RR, RAS, RPI, RPC, and RPS was significantly wider in the CB group than in the RF group. Table 2 summarized the lesion width at each segment. Table 3 summarized the number and percentage of the lesion gap. In the subgroup without touch-up ablation, the segments where the lesion gap was highly documented were LR (7 (30%) of 23 patients) and LB (7 (30%) of 23 patients). Representative cases in both the CB and RF groups are shown in Figure 4 .
| Ablation lesion gap assessed by LGE-MRI
T 
| CK elevation after Ablation
The baseline CK value was comparable between the two groups No symptom of acute coronary syndrome, myocarditis, rhabdomyolysis, malignant hyperthermia, and malignant syndrome was documented in any patients. Therefore, the elevation of CK value after CB ablation could be caused by the massive cryothermal injury to the myocardium.
| DISCUSSION

| Main findings
As compared to the lesions after the RF ablation, the lesions after the CB ablation could be characterized as follows: 1) the overall lesion width was significantly wider; 2) the lesion gaps were significantly fewer at the LAS and RAI; and 3) the degree of myocardial injury was extremely higher.
| Ablation lesion width assessed by LGE-MRI
Although the lesions after RF ablation have been reported to be visualized by LGE-MRI in the previous studies, the difference in the
LGE lesions between CB and RF ablation is still in debate. 8, 16 F I G U R E 2 Comparison of the ablation lesion width between the CB and RF groups. A, Lesion width after CB ablation. B, Lesion width after RF ablation. The lesion width at LAS, LAI, LPS, RR, RAS, RPI, RPC, and RPS was significantly wider in the CB group compared to the RF group. Please see the detail value of the lesion width at the each segment in the text. *Significantly different at P < .05 LGE intensity between CB and RF ablation. However, the sample size was rather small (7 patients in the RF group and 5 in the CB group). 8 The LGE-MRI acquisition protocol was consistent with other reports; however, the definition of the ablation lesion was still in debate. In our study, the definition of the ablation lesion was defined as an artificial LGE site with a signal intensity of >2SD around the PV, which prioritized the sensitivity over the specificity for detecting the ablation lesion. Furthermore, animal study had reported that the maximum gap length with conduction block was 4 mm. 15 According to the result, the lesion gap was defined as the site with non-LGE site of >4 mm, which prioritized the specificity over the sensitivity for detecting the lesion gap.
Although the study result might have differed using the different threshold and definition of the ablation lesion and gap, we considered that a LGE threshold of >2SD and gap length of >4 mm could contribute to improve the accuracy for detecting the actual ablation lesion and gaps. Our study demonstrated that the overall lesion width was significantly wider in the CB group than in the RF group.
In the 1st procedure, touch-up RF ablation was performed in 6 (21%) of 29 CB group patients. The site of the touch-up RF ablation was the RIPV and LIPV in 4 and 3 patients, respectively. One patient Please see Table 2 for the abbreviations.
KUROSE ET AL.
| 163 required touch-up in both the RIPV and LIPV. Even though those 6 patients with touch-up RF ablation were excluded, the results were consistent and the impact was further strengthened.
The CK value after ablation was significantly more increased in the CB group than in the RF group. Casella et al. reported that the troponin I and CK-MB levels were significantly more increased after the CB ablation than after ablation with the other energy sources. 17 This strongly indicated that the CB ablation could induce great myocardial injury. We speculated that the cardiac injury after ablation was strongly associated with the ablation area.
| Ablation lesion gap assessed by LGE-MRI
Metzner et al. investigated the 2-year clinical outcome after CB ablation. 18 Their patients underwent a repeat RF-based ablation due to recurrence of atrial tachyarrhythmia events. In the recurrence cases, 
| Study limitations
Our study had several limitations. First, the sample size was small.
Second, we performed no LGE MRI prior to the ablation procedure. Therefore, we could not discriminate between the ablation lesion and preexisting atrial fibrosis around the PV. This indicated that the ablation lesion around the PV might have been overestimated. Third, AF ablation with a conventional ablation catheter was applied in most of the patients with persistent AF, while most of the paroxysmal AF patients underwent AF ablation with a cryoballoon. Therefore, the patient characteristics, especially the LAD and AF type, significantly differed between the 2 groups.
This issue might influence the width of the ablation lesion and number of lesion gaps. Fourth, touch-up RF ablation was performed in 6 of 29 CB group patients. The site of the touch-up RF ablation was the RIPV and LIPV in 4 and 3 patients, respectively. One patient required touch-up in both the RIPV and LIPV.
Although single or double RF touch-up applications could achieve PV-LA conduction block, the number of lesion gaps after the CB ablation might have been underestimated. Fifth, the duration from AF procedure to the MRI acquisition was relatively short as compared to the previous reports, which might overestimate the lesion extent and underestimate the lesion gap. However, the duration to the MRI acquisition was comparative between the CB and RF groups. As clinical research, this issue could be acceptable to accurately compare the difference of the lesion between two groups.
| CONCLUSION S
The lesions after CB ablation could be characterized as being wider and more continuous than those after conventional RF ablation. To create durable and complete circular lesions around the PVs, adhesion to the roof of the LSPV and bottom of both PVs should be optimized during the CB ablation.
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